There is a paucity of published information on the hemolysin of Listeria monocytogenes. This is rather evident in the succint appraisal given by Seeliger (1961) in his recent monograph: "the lysis of erythrocytes is effected by a filterable hemolysin which is also produced in blood free substrates and which attacks erythrocytes after passage through bacteria tight filters. As yet no I Presented in part at the Annual Meeting of the
detailed reports exist on its chemical structure, its toxicity and antigenicity." Since such information, if available, might logically lead to improvement of serological methods for detection of Listeria infections in both humans and animals, it was decided to investigate the matter. Difficulties involved in the use of the agglutination reaction for this purpose have been previously described (Girard and Gavin, 1957) .
MATERIALS AND METHODS
The L. monocytogenes strain used in this work is 9-125 (our number), originally isolated by Potel in Germany from a case of Listeria granulomatosis infantiseptica (Potel, 1952) . It was received through the courtesy of E. G. D. Murray in January 1955 along with 18 other strains, and is designated otherwise as Potel no. 3, 54 XXVIII by Murray. It was one of several strains in the 155 examined that was found to produce marked f3-hemolysins on blood agar plates. Although a wide variety of media have been examined, both fluid and semisolid, Trypticase Soy broth (BBL) has been most frequently used for hemolysin production. However, Tryptose, Tryptose Phosphate, and Todd-Hewitt broth (Difco) are equally suitable. A completely synthetic medium, while affording good growth of L. monocytogenes 9-125, has so far yielded much lower hemolysin values.
Trypticase Soy broth (TS broth) was dispensed in 100-ml portions into square-shaped, milk-dilution bottles of 160-ml capacity (Pyrex) with Bakelite screw caps and Vinylite liners, and sterilized by autoclaving. The standard inoculum used was 0.5 ml of a 6-hr culture grown at 37 C in TS broth. Incubation at 20 C was most commonly used, although separate studies were carried out at 37 and 6 to 8 C.
After incubation, the crude hemolysin was obtained by centrifuging the cultures in the original screw-cap bottles at 480 X g for 30 349 on October 19, 2017 by guest http://jb.asm.org/ Downloaded from min, followed by filtration through a 0.22-A pore-size Millipore filter membrane (type GS), using 5 to 10 psi positive air pressure. The filter apparatus used was a no. XX40-047-00 stainlesssteel pressure filter holder (Millipore Filter Corp., Watertown, Mass.). The only impediment to flow was the ifiter membrane; no prefilter or filter-paper base was employed. The apparatus and the type and porosity of the filter are quite important, since filtration through a 0.45-,u pore-size Millipore filter membrane (type HA) frequently failed to sterilize culture supernatants. Filtration through Seitz, sintered-glass, and porcelain earth-type filters was usually accompanied by marked losses of hemolytic activity. Because of the reduced flow rate through the finer porosity filter membrane, a prior centrifugation at 10,000 rev/min for 30 min was employed whenever large filtiate volumes were needed, as for chemical studies. The sterile filtrates, which were always sterility-tested, were placed in 5-ml quantities in rubber-stoppered Pyrex test tubes, quick-frozen in a carbon dioxide and alcohol bath, and stored at -70 C in a Dry Ice chest. As a preservative for hemolysin used for serological titrations, it was found that chloramphenicol (10 tgg/ml) could be used without any adverse effects on hemolysin activity. These preparations, stored as above, maintained their initial activity for periods of up to 6 months, after which a slight falling-off was noted.
Fortestingpurposes, a 3% suspension of washed horse erythrocytes was used. The buffered saline (NaCl, 7.4 g; KH2PO4, 3.17 g; Na2HPO4, 1.81 g; water to 1 liter; and adjusted to pH 6.6 with NaOH, if necessary), as used for antistreptolysin O titrations, was employed routinely for&washing and for red blood cell (RBC) suspensions. To a portion of the buffered saline, 0.2% (w/v) sodium hydrosulfite was added for use in titrating hemolytic activity. Such buffered saline with reducing agent (RA) added was made up daily in accord with the anticipated work load.
For routine titration of hemolysin activity, the doubling dilution technique was employed in a total volume of 2.0 ml; i.e., to 0.5 ml of plain buffered saline was added 0.5 ml of the hemolysin preparation to be assayed, and doubling dilutions were made in 0.5-ml volumes. To each of the hemolysin dilutions was added 1 ml of buffered saline with added RA, followed by 0.5 ml of 3% washed horse erythrocyte suspension (HoRBC) . Incubation was carried out in a water bath at 37 C for 45 min, followed by centrifugation of all tubes at 2,000 rev/min for 10 min. The final hemolysin in the first tube is considered 1:8 and the range usually covered was to 1:4,096. The use of the technique of interval doubling dilutions, starting with 1:10 through 1:2,560, provided somewhat more precision in establishing end points, i.e., 1:8, 1:10, 1:16, etc. For direct hemolytic titrations, the visually determined 100 and 50% hemolytic doses (HDloo, HDso) were used for routine assays.
In our experience, the RBC suspension needs to be carefully controlled with respect to concentration and fragility of the cells in order to achieve reproducible values in the direct hemolytic titration, as described. 48 hr. This is illustrated in Table 1 , along with the observed relationships to bacterial growth. At 6 to 8 C, good growth is evident after 10 to 12 days but no hemolysin is detectable. Thereafter, however, it accumulates rapidly, reaching a peak of 640 units at 32 days and descending slowly after that. Some detectable lysin is present even after 3 months at this temperature. On the other hand, if the supernatant sterile filtrate containing active hemolysin is stored at 6 to 8 C in stoppered glass containers, very little residual activity remains after 3 months. Thus, it would appear that hemolysin continues to be produced in culture long after such culture has reached its maximal population density. Effect of species origin of erythrocytes used for testing. Parallel tests with samples of the same hemolysin batch were carried out with erythrocyte suspensions (3%) from different animal species:namely, horse, sheep, rabbit, and human (type B). The differences in susceptibility of the four RBC suspensions were not remarkable. There is seemingly about the same degree of susceptibility of rabbit as of horse RBC, although the spread between the complete lytic dose and the HD50 is somewhat broader with rabbit than with horse. Sheep and human (type B) seem to have somewhat less and about equal susceptibility. This also correlates well with our observations when using blood agar plates and studying surface f,-hemolysis of colonies.
RESULTS
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Attempts to release hemolysin from L. monocytogenes by cellular disruption. From the data (Table 1) , it is seen that a relatively sudden release of hemolysin seems to occur at 24 to 48 hr which is, in turn, associated with a rather conspicuous decrease in the amount of L. monocytogenes, as measured by optical densities of the resuspended sedimented cells. Since it appeared that autolytic effects might account for this sudden release, we attempted to test this premise by treating the resuspended L. monocytogenes cell deposit from 21-hr cultures at 37 C in a variety of ways known to rupture bacterial cell walls: i.e., sonic treatment, alternate rapid freezing and thawing, use of toluene overlay, addition of lytic concentration of penicillin, and shaking with glass beads and alundum. The 21-hr culture was selected because the number of Listeria is highest, whereas the hemolysin activity is still comparatively low (Table 1) . None of the methods employed, however, yielded any demonstrable increase in hemolysin concentration over and above that present in pretreatment controls. Neither were we able to demonstrate any cell-bound hemolysin, as has been reported for group A streptococci (Ginsberg and Grossowicz, 1960) .
Attempts to concentrate and purify L. monocytogenes hemolysin. Sterile, filtered (as described) hemolysin (150 ml) showing 320 units (HDloo) was treated with solid ammonium sulfate to 60% saturation at 5 C, and pH was adjusted to 6.6 zt 0.2 with 15 N ammonium hydroxide. After standing overnight at this temperature, the precipitate was collected by centrifugation (5 C). Tests on the supernatant at this point showed no detectable hemolytic activity. The precipitate was redissolved in buffered saline (pH 6.6) to 50 ml, and two additional precipitations with 60% saturation were carried out, allowing 15 hr at 5 C for each. Finally, the precipitate was redissolved in buffered (pH 6.6) saline to 5 ml. A test at this point on this material gave 4,096 units (HDloo). This was then subjected to rotational dialysis overnight (15 hr) against deionized running water at 15 C. The following morning, both soluble and precipitated material was carefully removed from the dialyzing sac and centrifuged. A test of the supernatant "pseudoglobulin" fraction showed 16 units (HDloo); a test of the precipitated "euglobulin" fraction redissolved to the original volume (5 ml) with buffered (pH 6.6) saline yielded 3,200 units (HDloo), or a tenfold increase over the original, unprecipitated material. Although a wide discrepancy is obvious in effective concentration recovery, nevertheless nearly all of the residual hemolysin activity was found in the water-insoluble, saline-soluble, "euglobulin" fraction. Since this fraction gave a total protein (Smythe and Harris, 1940) .
Antigenicity. Rabbits injected intramuscularly with 1.0 ml of sterile "euglobulin" hemolysin concentrates (HD, oo, 4, 096) HDloo/0.5 ml (standard hemolysin dose used for titration of antihemolysin), original hemolysin was diluted 1:5 with buffered saline with RA and used as shown in Table 4 . All tubes contained 1 ml of buffered saline with RA and 0.5 ml of 3% HoRBC.
t Incubated for 45 min at 37 C, then centrifuged and per cent lysis of the supernatant fluids was read. * Serum considered to have 500 units of antilysin/ml. To each tube was added 0.5 ml of standard hemolysin containing 5 HDsoo/0.5 ml; tubes were agitated to mix and incubated for 15 min at 37 C; 0.5 ml of 3% HoRBC (in buffered saline with RA) was then added to each tube. Rabbit given a single intramuscular injection of 1.0 ml of L. monocytogenes 9-125 hemolysin concentrate showing 3,200 IA (HDIoo), mixed with 1.0 ml of Freund's (complete) adjuvant.
antihemolysin rabbit serum with dense suspensions of washed L. monocytogenes has not been found to reduce the anti-Listeria hemolysin value of the serum. Also, Listeria antisera with high agglutinin titers, prepared by immunization of rabbits with washed formalin-killed suspensions of L. monocytogenes, have shown antihemolysin values comparable to those found in normal rabbit sera. Thus, the antigen responsible for antihemolysin stimulation does not appear to involve the surface antigenic mosaic of the bacterium itself.
On the toxicity of Listeria hemolysin. Preliminary tests on the toxicity of "euglobulin" hemolysin concentrates in animals (rabbits, mice, and guinea pigs) show that the hemolysin per se is virtually innocuous for these animals. A possible clue to the mode of action of Listeria hemolysin is provided by the reaction observed on egg-yolk agar (Colbeck's EY Medium, Difco). Supernatant filtrates from two good hemolysinproducing strains also yielded good EY opacities, whereas two nonhemolysin producers were negative, as was the heat-inactivated hemolysin control. These findings seem to point to a phospholipinase or lipase, and are in accord with the suggestion of Seeliger (1961) (Murray, Webb, and Swann, 1926; Shaw and Turk, 1954; Burn, 1935; Jaeger and Myers, 1954 On the other hand, these workers described the isolation of an infection-enhancing, heat-labile protein substance from glycine lysates of washed Listeria suspensions. Although devoid of toxicity per se, it has specific infection-potentiating properties and was said not to be anticomplementary. Later studies by Silverman, Elwell, and Kautter (1961) on a protein fraction obtained from L. monocytogenes suspensions by sonic disintegration showed comparable mortalityenhancing activity, although the activity was nonspecific in that the mortality quotient of several unrelated pathogens was raised. The substance was also said to be anticomplementary and heat-stable. Thus it is not clear whether these two agents are identical or are separate proteins. However, neither one would appear to bear any identity to the L. monocytogenes 9-125 hemolysin herein described, although the infection-potentiating property of hemolysin has not yet been ascertained. On the other hand, the "diffusible substances" derived from a culture of L. monocytogenes as reported by Fraser (1962) may bear close relationship to the hemolysin herein described.
Some authors have drawn attention to the possible association of hemolysin production and virulence (Hunter, Stahly, and Myers, 1950) and to type of growth (Seeliger, 1961) . Mention has also been made by some workers (Burn, 1935; Stanley, 1948; Barrow and Pugh, 1958) , and we have observed on occasion, the simultaneous occurrence of hemolytic and nonhemolytic colonies within the same Listeria strain, and even of different colonial variants within the hemolytic forms in a single strain (Girard, unpublished data). However, further work needs to be done on the interrelationships that may exist before any inferences can be drawn. Certainly, our preliminary animal observations using highly active and purified hemolysin preparations do not lend support to a doctrine of hemolysin-correlated virulence. Njoku-Obi (personal communication) also reports that "no correlation of the titers could be made with virulence." Although this would tend to rule out hemolysin as a possible exotoxic factor in the conventional sense, it does not necessarily preclude its function as a possible accessory virulence factor in the pathogenesis of Listeria infection.
It is equally uncertain as to whether all freshly isolated strains of L. monocytogenes produce soluble hemolysin. In our studies of 155 laboratory strains, nearly 30% failed to show any detectable f3-hemolysis on primary plating with horse, human, rabbit, and sheep blood agar plates (Girard, unpublished data). More recent work on the same strains has shown that wide variations are encountered in soluble hemolysin production from strain to strain, some producing barely detectable amounts. On the other hand, Seeliger (1961) , in discussing plate hemolysis, stated that "reports on the complete loss of this property (beta hemolysis) in some strains could not be verified at a critical re-investigation ...," whereas Welshimer and Winglewish (1959) stated that "the hemolytic activity (beta hemolysis) may be extremely weak or absent." Obviously, the question is rather pertinent to the possible potential diagnostic application of antiListeria hemolysin determinations.
